Currently no single proteomics technology has sufficient analytical power to allow for the detection of an entire proteome of an organelle, cell, or tissue. One approach that can be used to expand proteome coverage is the use of multiple separation technologies especially if there is minimal overlap in the proteins observed by the different methods. Using the inner mitochondrial membrane subproteome as a model proteome, we compared for the first time the ability of three protein separation methods (twodimensional liquid chromatography using the ProteomeLab TM PF 2D Protein Fractionation System from Beckman Coulter, one-dimensional reversed phase high performance liquid chromatography, and two-dimensional gel electrophoresis) to determine the relative overlap in protein separation for these technologies. Data from these different methods indicated that a strikingly low number of proteins overlapped with less than 24% of proteins common between any two technologies and only 7% common among all three methods. Utilizing the three technologies allowed the creation of a composite database totaling 348 non-redundant proteins. 82% of these proteins had not been observed previously in proteomics studies of this subproteome, whereas 44% had not been identified in proteomics studies of intact mitochondria. Each protein separation method was found to successfully resolve a unique subset of proteins with the liquid chromatography methods being more suited for the analysis of transmembrane domain proteins and novel protein discovery. We also demonstrated that both the one-and two-dimensional LC allowed for the separation of the ␣-subunit of F 1 F 0 ATP synthase that differed due to a change in pI or hydrophobicity. The eukaryotic proteome is a compilation of proteins that represents the integration of numerous cellular processes that begin with the variable transcription of genes to mRNA. These products are then translated to proteins, which may in turn be potentially co-and/or post-translationally modified to produce an array of proteins (1, 2). Due to the large number of unique protein species produced coupled with differences in their relative abundance, there is as of yet no single proteomics technology that has the analytical capacity or sensitivity to realize the goal of complete proteome coverage. One strategy to maximize proteome coverage is to combine synergistic proteomics technologies, particularly if each technology reveals a unique subset of proteins. Using the inner mitochondrial membrane as a model subproteome, we compared the ability of three protein separation methods (two-dimensional LC (2-DLC 1 with the PF2D), one-dimensional reversed phase HPLC (1-DLC; reversed phase high performance liquid chromatography (RP-HPLC)), and two-dimensional gel electrophoresis (2-DE) to determine the relative overlap in protein separation for these technologies.
The eukaryotic proteome is a compilation of proteins that represents the integration of numerous cellular processes that begin with the variable transcription of genes to mRNA. These products are then translated to proteins, which may in turn be potentially co-and/or post-translationally modified to produce an array of proteins (1, 2) . Due to the large number of unique protein species produced coupled with differences in their relative abundance, there is as of yet no single proteomics technology that has the analytical capacity or sensitivity to realize the goal of complete proteome coverage. One strategy to maximize proteome coverage is to combine synergistic proteomics technologies, particularly if each technology reveals a unique subset of proteins. Using the inner mitochondrial membrane as a model subproteome, we compared the ability of three protein separation methods (two-dimensional LC (2-DLC 1 with the PF2D), one-dimensional reversed phase HPLC (1-DLC; reversed phase high performance liquid chromatography (RP-HPLC)), and two-dimensional gel electrophoresis (2-DE) to determine the relative overlap in protein separation for these technologies.
2-DE, a classical proteomics technology that separates proteins based on their pI and molecular weight, has a practical dynamic range of 10 4 orders of magnitude (for reviews, see Refs. 3 and 4) . This restricts the analysis of a proteome to the most abundant proteins, and so it often underrepresents proteins with extreme hydrophobicity, mass, or isoelectric point. Another common separation method is 1-DLC, which separates proteins based on hydrophobicity. In proteomics, 1-DLC has primarily been used for peptide separation prior to MS, but it can be used for protein separation prior to enzymatic digestion and analysis by MS (for a review, see Ref. 5 ; e.g. see Refs. 6 and 7). 2-DLC traditionally couples a chargebased method (e.g. isoelectric focusing or strong cation exchange) as a first dimension with RP-HPLC as the second dimension thereby increasing the extent of protein fractionation compared with 1-DLC. As with 1-DLC, this method has been used primarily in proteomics for peptide separation; however, it is increasingly being applied to the separation of complex intact protein mixtures (for a review, see Ref. 5 ; e.g. see Refs. 8 -10) . This increased use is (in part) due to the commercialization of 2-DLC systems, including the PF2D (Beckman Coulter), which is based upon the system developed by Lubman and colleagues (e.g. Refs. [11] [12] [13] [14] . The PF2D uses chromatofocusing in the first dimension (separating proteins based on their pI) and reversed phase chromatography in the second dimension. Except for a single report utilizing chromatographic isoelectric focusing (first dimension) to separate peptides prior to a multidimensional protein identification technology experiment (15) the PF2D has been used exclusively for protein separation. To date, the only comparison of the PF2D with any other protein separation technology examined the rice proteome through a limited comparison between the PF2D and 2-DE (16). Thus, both the scope of proteome coverage by PF2D alone and its synergy with other proteins separation method is not clear.
Mitochondria generate the majority of ATP in the cell, and their dysfunction has been implicated in many different diseases. Mitochondria have both an outer and an inner membrane structure with the components of the oxidative phosphorylation pathway located in (or associated with) the inner mitochondrial membrane (IMM). To understand these diseases, a determination of the members of this subproteome (including post-translational modifications (PTMs)) is of great interest (17) (18) (19) . Although intact mitochondria have been studied using different proteomics technologies (20 -26, 28 -30) , these databases comprise only part of the estimated 697-4532 total mitochondrial proteins (31). However, because these estimations can have a false discovery rate of up to 68% (31) , the absolute number of mitochondrial proteins is not currently known. A problem with the existing mitochondrial databases derived from proteomics analysis has been the bias toward proteins localized to the matrix and outer membrane and the lack of IMM-associated proteins (21, 25) . To increase the coverage of the IMM subproteome, Da Cruz et al. (29, 30) used an enriched IMM preparation and demonstrated that there are novel proteins within this subproteome. Using the same well characterized IMM preparation (29 -32) we tested the hypothesis that there would be a minimal overlap of observed proteins when using three different separation technologies (2-DE, 1-DLC, and 2-DLC) thereby expanding proteome coverage.
EXPERIMENTAL PROCEDURES
IMM Preparation-Mitochondria were isolated from frozen rat liver, and the IMM subproteome was isolated according to the protocol of Pedersen et al. (32) . Purity was assessed as described previously (30) . For 2-DE, the IMM proteins were solubilized by incubation in either 5% (w/v) CHAPS, 5% (w/v) N-decyl-N,NЈ-dimethyl-3-ammonio-1-propanesulfonate, or 5% (w/v) amidosulfobetaine-14 in double distilled H 2 O for 15 min at room temperature prior to the addition IEF buffer (8 M urea, 2 M thiourea, 4% detergent, 1% (w/v) DTT, and 0.25% (v/v) carrier ampholytes). For 2-DLC, the IMM proteins were solubilized in 1% (w/v) SDS followed by precipitation with ice-cold acetone and resuspended in 2 ml of PF2D chromatofocusing start buffer (Beckman Coulter, Carlsbad, CA). For 1-DLC the IMM subproteome was solubilized in 0.1% (v/v) trifluoroacetic acid with 20% (v/v) acetonitrile, pH 2.4.
2-DE Analysis-The IMM subproteome (200 -750 g) was resolved on IPG Ready Strips (17 cm, pH 4 -7 or 3-10 linear gradient ( BioRad)). Strips were actively rehydrated with solubilized protein in 350 l of IEF buffer at 50 V for 10 h, and then a rapid voltage ramping method was applied as follows: 100 V for 1 h, 500 V for 1 h, 1000 V for 1 h, linear gradient to 10,000 V over 1 h, and finally 10,000 V for 40 kV-h using a Protean IEF cell (Bio-Rad). To separate proteins with basic pI values, the sample was cup-loaded into IPG Dry Strips (18 cm, pH 6 -11, GE Healthcare) in 100 l of IEF buffer as follows: 150 V for 8 h, 500 V for 1 h, 1000 V for 1 h, linear ramping to 10,000 V for 30 min, and finally 10,000 V for 30 kV-h over 10 h. A Peltier temperature control platform maintained gels at 20°C. Focused IPG strips were stored at Ϫ80°C until SDS-PAGE at which time they were thawed to room temperature and incubated for 15 min in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% (w/v) glycerol, 2% (w/v) SDS) with 1% (w/v) DTT followed by 15 min in equilibration buffer with 2% (w/v) iodoacetamide (reduction/alkylation). IPG strips were embedded in a 5% acrylamide stacking gel, and proteins were resolved by 8, 10, 12, or 15 SDS-PAGE (Protean II XL, 200 ϫ 220 ϫ 1 mm, Bio-Rad). For 1-D SDS-PAGE sample buffer containing protein was boiled for 10 min in 3ϫ SDS Sample Buffer (New England Biolabs, Beverly, MA) prior to loading into 5% acrylamide stacking gel and resolved by 6, 12, or 15% acrylamide. 2-DE gels were silver-stained according to Shevchenko et al. (33) . Stained gels were scanned with a Powerlook II scanner (UMAX Data Systems, Fremont, CA) on a Sun Ultra5 computer (Sun Microsystems, Palo Alto, CA). Gels were vacuumdried between cellophane sheets until protein spots/bands were manually excised.
2-DLC (PF2D) Analysis-2-DLC analysis of solubilized IMM proteins (3 mg) was carried out on a PF2D (Beckman Coulter) (12) . The first dimension separated proteins on the basis of their pI using a pH gradient generated on the column (see below). Fractions from the first dimension were collected (FC/I Module) and sequentially injected onto the second dimension RP-HPLC column (see below). The fractions were collected into 96-deepwell plates for subsequent digestion with trypsin and mass spectrometry analysis (see below). With the PF2D, the first and second dimensions occur sequentially in an automatic manner.
Chromatofocusing-Proteins were separated in the first dimension on a chromatofocusing (CF) column by mixing two buffers differing in their pH, start buffer (pH 8.5) and eluent buffer (pH 4.0), to create a linear pH gradient from pH 8.5 to 4.0 (see Fig. 2A ). Initially the CF column was equilibrated for 130 min with start buffer at a flow rate of 0.2 ml/min. 3 mg of solubilized IMM protein sample was injected onto the equilibrated column. After a stable base line was established (20 min), the pH gradient was started by introducing the eluent buffer (flow rate, 0.2 ml/min) for 75 min. Finally the column was washed with 1 M NaCl. Fractions were collected at 0.3 pH intervals during the pH gradient portion of the run and every 5 min before and after.
Second Dimension Reversed Phase Chromatography/1-DLCEach fraction from the first dimension CF (200 l) or IMM protein was solubilized in 2% (v/v) TFA, 20% (v/v) acetonitrile and sequentially analyzed by RP-HPLC kept constant at 50°C. Proteins were resolved using 3.33% B/min linear AB gradient in which solvent A was 0.1% aqueous TFA and solvent B was 0.08% TFA acid in acetonitrile with a flow rate of 0.75 ml/min. Protein elution was monitored at 214 nm (see Fig. 2B for an example of a 2-DLC elution profile and Fig. 2C for a composite intensity map across all pI values; see Fig. 4 for a 1-DLC elution profile). The reversed phase fractions were collected at a rate of 0.25 min/fraction and stored at Ϫ80°C until further analysis.
Mass Spectrometry-Protein identification for 2-DE and both LC separations (1-DLC and 2-DLC) was carried out based on MALDI- This is a non-redundant protein list (see "Experimental Procedures"). When mitochondrial precursor is designated it means either the precursor or processed molecule is present. When a specific protein isoform is designated it means that a peptide was detected by MS to a unique amino acid sequence of the particular isoform. All proteins designated as "predicted," "similar to," or "homolog" had their amino acid sequence searched for homology with other proteins (see "Experimental Procedures" for detail). Proteins were considered unique if they exhibited Ͻ90% similarity over 90% of protein length with any other protein in table. 3 Technologies used are RP ϭ 1-DLC, PF2D ϭ 2-DLC, and 2DE ϭ 2-DE. 4 Theoretical mass, pI, and GRAVY score determined based on amino acid sequence of intact protein. 5 Previous databases were screened to determine whether protein had been observed previously in mitochondria. "G" in Taylor et al. refers to additional matches using follow-up study by same group (Gaucher et al. (22) ).
TOF MS and ESI MS/MS, respectively. For MALDI-TOF, gel spots excised from silver-stained two-dimensional gels were destained according to Gharahdeghi et al. (34) , reduced, and alkylated prior to in-gel enzymatic digestion with sequence grade modified trypsin (Promega, Madison, WI). Tryptic peptides were extracted with 1% (v/v) formic acid, 2% (v/v) acetonitrile followed by two extractions with 50% acetonitrile. In some cases, the extracts of the same protein spot from multiple gels were combined. Proteins were spotted by mixing 0.5 l of reconstituted extract from 2-DE gel spot with 0.5 l of matrix (10 mg/ml ␣-cyano-4-hydroxy-trans-cinnamic acid, 50% acetonitrile, 0.1% TFA) on a stainless steel 100-well MS plate and then air-dried. Samples were analyzed using a Voyager DE-Pro or Voyager-DE STR MALDI-TOF mass spectrometer (Perseptive Biosystems, Framingham, MA) operated in the delayed extraction/reflector mode with an acceleration voltage of 20 kV, a grid voltage setting of 72%, and a 120-ns delay. A minimum of five spectra (200 laser shots) was obtained for each sample. External calibration was performed using a Sequazyme peptide mass standard kit (Perseptive Biosystems). For ESI MS/MS, samples from LC were handled as described previously (12) . Essentially the reversed phase fractions (100 -200 l) were concentrated using a Speed Vac concentrator (ThermoSavant) to 5-10 l. 1 M NH 4 HCO 3 was added to neutralize samples to pH 8.0. Modified trypsin (Promega) at an enzyme-to-substrate ratio of 1:50 was added and incubated at 37°C for overnight (Ͼ12 h). 10% TFA was added to stop the digestion. This was performed at The Johns Hopkins Technical Implementation and Coordination Core proteomics core using an LTQ ion trap mass spectrometer (ThermoFinnigan) interfaced with a Suveryor HPLC system (ThermoFinnigan) or a QSTAR/Pulsar mass spectrometer (Applied Biosystems/MDX Sciex) interfaced with an UltiMate TM capillary/nano-LC system (LC Packings). Peptides were fractionated by RP-HPLC on a 75-m ϫ 100-mm C 18 PepMap column with a 10-m emitter using a 0 -60% acetonitrile, 0.5% formic acid gradient over 30 min at ϳ250 nl/min. Ionized peptides were analyzed in the mass spectrometers using scan modes consisting initially of a survey spectrum (MS only) from which the eight (LTQ) or three (QSTAR) most abundant ions were determined. The instruments were tuned and calibrated according to the manufacturers' instructions. The resulting MS/MS spectra were used to search the National Center for Biotechnology Information (NCBI) non-redundant database using MASCOT (Matrix Science, UK). Database search parameters included the variable modification of oxidized methionine with two missed trypsin cleavages. The mass tolerance for QSTAR was 0.1 Da for both peptide and MS/MS; the mass tolerance for the LTQ was 1.5 Da for peptide and 0.8 Da for MS/MS.
Protein Identification to Create a Non-redundant Protein Database-Protein identification by peptide mass fingerprinting was conducted with the database search tool MS-Fit in the program ProteinProspector (41). Mass tolerance was limited to 25 ppm after internal calibration to trypsin mass peaks. Identifications required a minimum of five mass peaks corresponding to the major peaks in the spectra, a minimum MOWSE score of 10 5 with no other scores for different proteins within two orders and no other mass peaks above 50% intensity that could not be attributed to the identified protein or known contaminants, and greater than 40% sequence coverage. Proteins identified with amino acid sequences obtained from ESI MS/MS had a minimum of two peptide matches (see on-line Supplemental Fig. S1 for representative MS spectra) with a minimum MASCOT score of 40 for each peptide. When protein identification was made with two peptide matches, the fragments had to be unique to the protein (and not matched to another other potential identification (i.e. two nonredundant peptides). Further stringency was added by eliminating any peptide that could be assigned to more than one protein. To create a non-redundant database, protein identifications were manually examined in the database for possible redundancies including multiple names and homologies because numerous instances were found where the same protein was contained in multiple database protein identifications. Redundancy was eliminated through the use of a command line version of BLAST (blastclust; ftp.ncbi.nih.gov) that clustered accession numbers according to a 90% protein sequence similarity over 90% of their length. Those proteins that matched these criteria were considered to be the same protein. An estimate of hydrophobicity was calculated from a GRAVY. This score along with the theoretical pI and mass were obtained using the proteomics package in BioJava (biojava.org/wiki/Main_Page) on the intact (nonprocessed) amino acid sequence. In an attempt to estimate the effect of mitochondrial signal sequence, the theoretical pI, molecular weight, and GRAVY score for mitochondrial signal sequence from 20 well characterized mitochondrial proteins were calculated (see Supplemental Table S1 ). The average is reported as a footnote in Table I . The prediction of transmembrane domains was carried using the dense alignment surface transmembrane prediction server (35) . The extent of amino acid sequence homologies for all unknown or similar proteins was determined by BLAST (us.expasy.org/tools/blast/), and if identity was over 95% homology at amino acid sequence it was considered to be the same protein (see Supplemental Table S1 for MS spectra characterization). If BLAST search could not find a similar protein, the protein was left as undefined or theoretical.
Comparison between Protein Databases-The overlap extent between our IMM protein database and previously published databases was determined using the command line version of BLAST (as described above). Previous databases were first screened for redundancy and valid accession numbers. Protein sequences from these databases were clustered against the proteins in Table I based on 90% similarity over 90% of the protein length. Proteins from different databases were defined as the same protein if they met these criteria.
Western Blotting-For 1-D analysis, 200 l of LC fractions was evaporated to dryness in a Speed Vac, and proteins were solubilized in LDS sample buffer (Invitrogen) and resolved by 1-D SDS-PAGE using NuPAGEா Novex Bis-Tris gels with MES running buffer (Invitrogen). For 2-DE analysis, 200-l fractions were evaporated to dryness in a Speed Vac, and proteins were solubilized in IEF buffer and resolved in a Protean IEF cell (Bio-Rad). IPG Dry Strips (7 cm, pH 3-10, GE Healthcare) were actively rehydrated with solubilized protein in 115 l of IEF buffer at 50 V for 10 h, and then a rapid voltage ramping method was applied as follows: 100 V for 1 h, 500 V for 1 h, 1000 V for 1 h, linear gradient to 5000 V over 1 h, and finally 5000 V for 10 kV-h. The second dimension was performed using NuPAGE Novex Bis-Tris gels with MES running buffer (Invitrogen). Gels were transferred to a PVDF membrane for Western blotting using a wet transfer apparatus (Bio-Rad) in NuPAGE Transfer Buffer (Invitrogen) at 100 V for 45 h at 4°C. Western blot analysis was carried out using a mouse monoclonal antibody specific to the ␣-subunit of F 1 F 0 ATP synthase according to the manufacturer's protocol (clone 7H10, Molecular Probes-Invitrogen). The primary antibody was detected with rabbit anti-mouse antibody conjugated to alkaline phosphatase (Jackson Immunoresearch Laboratories) and CDP-Star chemiluminescence reagent (PerkinElmer Life Sciences-Mandel Scientific).
RESULTS AND DISCUSSION
We had previously shown that preincubation with the IEFcompatible zwitterionic detergent N-decyl-N,NЈ-dimethyl-3-ammonio-1-propanesulfonate for 10 min at room temperature prior to the addition of standard IPG buffer (see "Experimental Procedures") improved isoelectric focusing, reduced horizontal streaking, and increased the number of distinct protein spots visualized in 2-DE from less than 30 to 145 using the same broad range conditions (pH 3-10, 12% SDS-PAGE)
FIG. 1. 2-DE analysis of rat liver inner mitochondrial membrane separated using various pH gradients.
A-C, rat inner mitochondrial membrane proteins separated using pH 3-10 IPG followed by 12% SDS-PAGE (A), pH 4 -7 IPGs/12% SDS-PAGE (B), and pH 6 -11 IPG/12% SDS-PAGE (C). Proteins were annotated using NCBI accession number (see Table I for protein identification). For more details see "Experimental Procedures." Insets show enlargements of two regions (1 and 2) of the gels illustrating improved spot resolution with narrow pH gradient gels. This allowed the identification of two forms of ubiquinol-cytochrome-c reductase complex core protein I (inset 1, accession number 92090651) and four forms of the ␣-subunit of F 1 F 0 ATP synthase (inset 2, accession number 114523).
(Ref. 24 and Fig. 1A) . Furthermore extending the pH gradient over a larger distance by using 18-cm pH 4 -7 IPG (Fig.  1B) , pH 6 -11 IPG (Fig. 1C) , and 12% SDS-PAGE (or 6 and 15% SDS-PAGE, data not shown) to collectively expand the proteome allowed for the visualization of over 200 protein spots. Of these, 115 spots were identified corresponding to 77 non-redundant proteins (Table I) . 20 proteins including the ␣-subunit of F 1 F 0 ATP synthase (NCBI accession number 114523; Figs. 1 and 3) were visualized as multiple spots by 2-DE due to modifications that altered their pI (Table I , see *).
The optimal condition for the solubilization of the IMM preparation differed between 2-DLC and 2-DE as a higher pH starting buffer (pH 8.5) was used for 2-DLC. Therefore, it was necessary to solubilize the IMM extract in SDS, precipitate this in ice-cold acetone, and suspend the pellet directly into 2-DLC buffer at pH 8.5 ( Fig. 2 ; see "Experimental Procedures"). Based on ESI MS/MS analysis, an average of five proteins were present in each reversed phase fraction (0.25 min; range, 1-35 proteins per fraction) (data not shown). Thus, for protein mixtures with the same or greater complexity as the IMM, analysis by MALDI-TOF MS is of limited utility (16, 36) . A more useful approach would be to utilize ESI MS/MS unless there is additional data (e.g. whole protein mass (37) (38) (39) ) that provides insight into the number of proteins in a given fraction because this would allow decisions to be made regarding the appropriate MS strategy.
A total of 146 non-redundant proteins was identified by 2-DLC (Table I) through ESI MS/MS analysis of a total of 106 fractions. 18 proteins were identified in more than two nonsequential fractions (in either dimension) suggesting that these proteins may have a potential PTM (40) . The ␣-subunit of F 1 F 0 ATP synthase separated into two second dimension fractions suggesting it also has a modification that alters its hydrophobicity (Fig. 2B) . These fractions were analyzed by 1-D SDS-PAGE followed by Western blot for the ␣-subunit. This showed that the full-length ␣-subunit from F 1 F 0 ATP synthase of ϳ59 kDa eluted in 18.8 min, whereas a 38-kDa lower molecular mass form eluted in a fraction at 16.4 min (Fig. 3) . Although the 38-kDa form was not identified in the initial silver-stained 2-DE analysis (due to its low abundance), its presence was confirmed by 2-DE Western blot (Fig. 3B) . Because the theoretical pI of the ␣-subunit is greater than 8.5, the multiple pI forms observed by 2-DE eluted in the void FIG. 3 . Western blotting for the ␣-subunit of F 1 F 0 ATP synthase reveals PTM. The ␣-subunit of ATP synthase was identified in two RP-HPLC fractions (at retention times 18.8 and 16.4 min (Љ)) by ESI MS/MS. Western blotting of these fractions with monoclonal antibody specific to the ␣-subunit revealed a 59-kDa and a 39-kDa form (A). The small GRAVY score difference between these two forms was resolved by RP-HPLC (Ϫ0.138 and Ϫ0.144 for 59 and 39 kDa, respectively). The intensity of the signal suggests the smaller form was present in the inner membrane at significant levels. B, Western blotting of inner mitochondrial membrane proteins resolved by 2-DE revealed both the smaller and larger form but also confirmed the presence of a modification to the larger form that altered its pI, a PTM that was not present in the smaller form. Fig. 2 . 2-DLC separation of rat liver inner mitochondrial membrane proteins. 3.0 mg of liver inner mitochondrial membrane proteins was separated in the first dimension using chromatofocusing (CF-LC) with proteins with pI values greater than pH 8.5 eluting in the void volume followed by a descending pH gradient from pH 8.5 to 4.0 and finally in a salt wash for pI values less than pH 4.0 (A, left) . The dotted line represents the change in pH from 8.5 to 4.0. CF fractions with a pH range of 0.3 units from the first dimension were collected individually and subsequently separated using RP-HPLC in the second dimension (A, right). Each RP-HPLC fraction was distinct and unique (for examples, see B). The arrows indicate the fraction where the ␣-isoform of F 1 F 0 ATP synthase was present (retention times, ϳ16.4 and 18.8 min). The 2-DLC composite map of the intensity of the protein profiles from the second dimension RP-HPLC elutions across all pH ranges is shown in C. Each RP-HPLC fraction was processed prior to ESI MS/MS for protein identification; many proteins were identified that were not identified using either 2-DE or RP-HPLC alone. For more details see Table I and Table S1. volume (pH Ͼ 8) of the first dimension of the PF2D. The 2-DLC was also useful in separating distinct protein isoforms. For example, acetyl-coenzyme A acetyltransferase also eluted in the void volume of the first dimension but eluted from the second dimension at different retention times (16.3 and 18.4 min). ESI MS/MS analysis showed that the less hydrophobic fraction contained isoform 1 of acetyl-coenzyme A acetyltransferase based upon the identification of three unique amino acid sequences (Supplemental Fig. S2 ). The later eluting fractions contained both protein isoforms (1 and 2) of acetyl-coenzyme A acetyltransferase based upon the observation of unique amino acid sequences (Supplemental Fig.  S1 ). The different retention times for isoform 1 suggest that there is a yet uncharacterized hydrophobic modification.
For 1-DLC, the IMM proteins were solubilized in 2% TFA with 20% acetonitrile (pH 2.3) and resolved by reversed phase chromatography using a linear gradient from 0 to 100% B over 30 min (Fig. 4) . ESI MS/MS analysis of 38 fractions identified 230 non-redundant proteins with each fraction containing between one and 30 proteins (Table I ). The ␣-subunit of F 1 F 0 ATP synthase eluted in reversed phase fractions with retention times equivalent to those observed by 2-DLC (Fig. 4,  arrows) .
Comparison of the Protein Separation Technologies-The combined IMM subproteome database obtained from the three protein separation technologies consisted of a total of 348 non-redundant parent proteins (Table I ). There was little overlap (7%) between the proteins observed by the three different methods and only 24% overlap between any two methods. 21% of the total proteins were identified only by 2-DLC, and 47% were identified only by 1-DLC even though pI, mass, and GRAVY score calculations were similar (Fig. 5 ).
This in-depth comparison highlights the advantages and limitation of the three protein separation methods. Even with optimization of solubilization and running conditions, 2-DE is limited with respect to proteins with extreme mass, hydrophobicity, and pI, although it has the advantage of distinguishing multiple forms of proteins with differences in molecular mass or isoelectric point (Table I) . Conversely the 2-DLC and 1-DLC have the advantage of enriching for low mass proteins below 30 kDa and basic proteins with pI values above 8.5/9.0. With the PF2D the basic proteins are concentrated in the void volume from the first dimension so individual pI information is lost for this class of protein. To date, the majority of studies using the PF2D (or similar LC system) have not analyzed this basic fraction. Because the PF2D requires an approximate 10-fold higher protein load compared with the other two methods (to track profiles by absorbance) one would expect to be able to detect lower abundance protein leading to greater proteome coverage. Also despite 2-DLC and 1-DLC sharing the same step (RP-HPLC), the overlap in protein identifications was surprisingly small (9%). This difference may be due to different solubilization buffers used in preparation for each method. For instance, 2-DLC required a pH 8.5 aqueous buffer, whereas RP-HPLC contained 2% TFA (pH 2.3) as well as an organic solvent. Membrane proteins are notoriously difficult to solubilize in aqueous buffers (27) , and the addition of an organic solvent to the start buffer for 1-DLC may have increased the identification of certain classes of proteins. For instance, translocase of the inner mitochondrial membrane (TIM), solute carrier, and cytochrome P450 family members are predicted (35) to have multiple transmembrane domains (ranging from one to seven) (data not shown), which FIG. 4 . Reversed phase high performance liquid chromatography. 100 g of inner mitochondrial membrane proteins solubilized in 2% TFA, 20% acetonitrile was resolved by reversed phase high performance liquid chromatography using a linear gradient of 0 -100% acetonitrile over 30 min (absorbance, solid line; gradient, dotted line). 38 fractions were processed and analyzed by ESI MS/MS for protein identification; many proteins were identified that were not identified using either 2-DE or 2-DLC. For more details see Table I . The arrows indicate the fraction where the ␣-subunit of F 1 F 0 ATP synthase was present (retention times, ϳ16.4 and 18.8 min).
would limit their solubility. These proteins possess a range of GRAVY scores (Ϫ0.53 to 0.09), yet GRAVY scores represent an average of hydrophobicity. Highly hydrophobic or hydrophilic protein domains affecting retention may be underrepresented by presenting the data in this manner. The detection of this unique class of proteins is advantageous for experiments in which the goal is to determine which proteins are present; however, for quantitative studies 1-DLC is of limited use due to its reduced ability to resolve individual proteins compared with 2-DLC. Additionally both LC methods would most likely require additional downstream methods for quantitative analysis. In this respect, 2-DLC has the advantage because image analysis of the elution profiles can limit the number of fractions requiring further analysis.
Comparison of Existing Mitochondrial and IMM Protein Da-
tabases-There are several large proteomics-based databases for the intact mitochondrial proteome. This includes the database produced by Taylor and colleagues containing 632 proteins (21) and that was later updated (22) by 107 additional proteins. This group used sucrose gradient centrifugation to resolve mitochondrial protein complexes followed by 1-D SDS-PAGE and LC/MS/MS. In a separate study, Mootha et al. (28) were able to identify 399 non-redundant mouse mitochondrial proteins isolated in a similar manner from brain, heart, kidney, and liver. This database was expanded to 428 non-redundant proteins through the inclusion of mouse and human proteins from the Mitochondrial Proteome (MITOP) database and annotated mitochondrial proteins from the Table I ) over increments of 0.5 units of the proteins separated by either 2-DE (black bars), 1-DLC (dashed bars), or 2-DLC (gray bars). Identifications following 2-DE revealed clustering of protein pI values between 5.0 -6.5 and 7.5-9.0, whereas proteins identified following 2-DLC and 1-DLC tended to be shifted toward higher pI values. C shows the hydrophobicity distribution of identified proteins separated by 2-DE, 1-DLC, or 2-DLC. Hydrophobic proteins with positive GRAVY scores were identified using the three protein separation methods, although there is a slight increase with 1-DLC and 2-DLC. Note that the theoretical values were calculated on the intact non-processed amino acid sequence. The mitochondrial signal sequence from 20 known mitochondrial proteins would have contributed an average mass, pI, and GRAVY score of 3.4 Ϯ 0.8 kDa, 0.85 Ϯ 0.58 pI, and Ϫ0.03 Ϯ 0.08 units, respectively (see "Experimental Procedures" and Supplemental Table  S2 for more details). D shows the overlap of proteins identified by each technology. Only 7% of identifications were common to all three, and significant portions were observed by only a single technology. NCBI Locuslink database. Although it was not exploited by the different groups, the initial separation by density centrifugation provided potential biological information. The PF2D also provides biological information based on protein characteristics (pI and hydrophobicity). Our database contains 154 proteins (44% of the combined database; Table I ) not previously identified in these databases. The only IMM subproteome database published to date identified 182 parent proteins using shotgun type approaches (peptide digestion and separation by multiple chromatographic steps) (29) . Because these proteins were proteolyzed prior to separation and identification, there is a reduced probability of obtaining biological information. Our database contains 286 proteins (82% of combined database; Table I ) not in this database and 134 proteins not observed in any of these extensive databases (ϳ39% of the combined protein database; Table I and Supplemental Fig. S3 ). This difference is likely due to both the enrichment of the IMM proteins prior to analysis (21, 25, 28) and the increased resolving power of separating proteins based on a variety of physical characteristics. The majority of these proteins were observed only using 1-DLC (96 proteins; 72%) suggesting that this is a useful technology to use for the discovery of novel proteins in a subproteome. It is important to note that the isolation protocol for IMM is well established (32) and that the majority of the proteins that had not been reported previously are known to be associated with the mitochondria.
Conclusion-The data show a low degree of overlap between the protein separation methods described and very significantly extended our coverage of the IMM proteome by using an integrative approach. Furthermore using the PF2D, a 2-DLC system, we were able to identify a unique subset of proteins not observed by 2-DE or 1-DLC. This may be due to difference in starting protein quantity (3 mg for the PF2D to 100 g for 1-DLC). 1-DLC was able to resolve a unique set of proteins with highly hydrophobic domains. Also the majority of the proteins not observed by previous databases were only observed using the 1-DLC. Overall the results show the power of integrating different separation technologies and also suggest caution against making the assumption that one can validate findings using different separation methods.
